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Atypical PKC Phosphorylates PAR-1 Kinases
to Regulate Localization and Activity
mammalian kinases Par-4/LKB1 and MARKK/TAO-1
have been implicated as direct upstream activators of
the Par-1 kinases in vivo [16–18].
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Par-1 (hPar-1) protein kinases, we observed an interac-3 Howard Hughes Medical Institute
Washington University School of Medicine tion between PKCand hPar-1b in vivo. As seen in Figure
1, endogenous PKC was present in immunoprecipi-660 South Euclid Avenue
St. Louis, Missouri 63110 tates of hPar-1b (Figure 1A) and hPar-1b coprecipitated
with PKC (Figure 1B). No differences in the ability of
kinase-active or -inactive hPar-1b to interact with PKC
were observed. To determine if hPar-1b was a substrateSummary
of PKC, kinase assays were performed in vitro in con-
junction with two-dimensional phosphopeptide map-The establishment and maintenance of cellular polar-
ity are essential biological processes that must be ping. hPar-1b was phosphorylated by PKC in vitro and
as seen in Figure 1C, a single, predominant phospho-maintained throughout the lifetime of eukaryotic or-
ganisms. The Par-1 protein kinases are key polarity peptide (designated 1) was detected. Substitution of
alanine for threonine at position 595 resulted in the dis-determinants that have been conserved throughout
evolution. Par-1 directs anterior-posterior asymmetry appearance of phosphopeptide 1 (Figure 1D), sug-
gesting that PKC phosphorylates hPar-1b on T595in the one-cell C. elegans embryo and the Drosophila
oocyte [1]. In mammalian cells, Par-1 may regulate in vitro. To confirm that aPKC phosphorylates hPar-1b
on T595 in vitro and that hPar-1b is phosphorylated onepithelial cell polarity [2]. Relevant substrates of Par-1
in these pathways are just being identified, but it is T595 in vivo, a phosphospecific antibody recognizing
hPar-1b only when it is phosphorylated on T595 wasnot yet known how Par-1 itself is regulated. Here, we
demonstrate that human Par-1b (hPar-1b) interacts generated (Figure 1E). Whereas hPar-1b was recognized
by the pThr595 antibody (lane 2), mutation of threoninewith and is negatively regulated by atypical PKC. hPar-
1b is phosphorylated by aPKC on threonine 595, a 595 eliminated its recognition by the antibody (lane 3).
These results demonstrate that the antibody is specificresidue conserved in Par-1 orthologs in mammals,
worms, and flies. The equivalent site in hPar-1a, T564, for hPar-1b when it is phosphorylated on T595 and that
ectopically expressed hPar-1b is phosphorylated onis phosphorylated in vivo and by aPKC in vitro. Impor-
tantly, phosphorylation of hPar-1b on T595 negatively T595 in vivo.
regulates the kinase activity and plasma membrane
localization of hPar-1b in vivo. This study establishes aPKC Phosphorylates hPar-1a and hPar-1b
on a Conserved Threonine Residuea novel functional link between two central determi-
nants of cellular polarity, aPKC and Par-1, and sug- in the Linker Region
Members of the Par-1 family are characterized by havinggests a model by which aPKC may regulate Par-1 in
polarized cells. a conserved amino-terminal kinase domain, followed
by a divergent region of unknown function and ending
with a conserved region of about 100 amino acids thatResults
terminates with the sequence glutamate-leucine-lysine/
asparagine-leucine (ELKL domain) [11]. The conservedhPar-1b Associates with aPKC In Vivo and Is
Phosphorylated by aPKC In Vitro C-terminal domain contains two putative amphipathic
helices that may facilitate protein-protein interactions.The PAR (partitioning-defective) genes (Par1-Par6) were
identified in C. elegans as determinants of asymmetric Interestingly, T595 resides in the divergent region, but
upon close inspection of family members, a striking con-cell division and polarized cell growth [3, 4]. Par-3 and
servation of sequence was noted among Par-1 familyPar-6 form a ternary complex with aPKC to regulate
members including orthologs in C. elegans and Dro-polarity in C. elegans, Drosophila, and mammalian tissue
sophila (Figure S1). Kinase assays were performed toculture cells [5, 6]. The Par-3/Par-6/aPKC complex local-
verify that hPar-1b is phosphorylated on T595 by aPKCizes to tight junctions with GTP bound Cdc42 in polar-
in vitro and whether aPKC phosphorylated another Par-1ized mammalian epithelial cells, and the integrity of this
family member, hPar-1a. As seen in Figure 2A, PKCcomplex is required for maintaining polarity [6–8]. Mam-
catalyzed the phosphorylation of hPar-1b on T595 inmalian Par-1 kinase is excluded from tight junctions
vitro (lane 2), and hPar-1a was phosphorylated on theand instead localizes to basolateral membranes [2]. In
equivalent threonine residue (T564) by PKC in vitromammals there are four Par-1 family members: mPar-
(lane 4).1a (C-TAK1/MARK3), mPar-1b (EMK/MARK2), mPar-1c
(MARK1), and mPar-1d (MARKL1, MARK 4) [9–15]. The
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Figure 1. hPar-1b Associates with aPKC In Vivo and Is Phosphorylated by aPKC In Vitro
(A and B) 293 cells expressing tagged forms of wild-type and kinase-inactive hPar-1b were lysed and either analyzed directly (totals) or
incubated with antibodies specific for the Flag-epitope (A) or PKC (B). Proteins were detected by Western blotting with the indicated antibodies.
(C and D) Myr-PKC was assayed for its ability to phosphorylate hPar-1b and hPar-1b(T595A) in vitro. Radiolabeled hPar-1b proteins were
resolved by SDS-PAGE and subjected to two-dimensional phosphopeptide mapping. Arrows indicate the direction of electorophoresis and
chromatograpy.
(E) Lysates prepared from mock-transfected 293 cells (lane 1) or from 293 cells expressing HA-hPar-1b (lane 2) or HA-hPar-1b(T595A) (lane
3) were immunoblotted with antibodies specific for the HA-tag or with the pThr595-specific antibody.
1b in HeLa cells (Figure 2B). Immunoprecipitates of teins were detected with the pThr595 antibody (lane 8).
hPar-1a was also detected with the phosphospecifichPar-1a and hPar-1b were resolved by SDS-PAGE and
probed with the pThr595 antibody (lanes 5–8), followed antibody (lane 6). Experiments performed with siRNAs
specific for hPar-1a and hPar-1b confirmed the phos-by antibodies specific for either hPar-1a (lane 2) or hPar-
1b (lane 4). Western blotting with the hPar-1b antibody phorylation status of these kinases in vivo (Figure S2).
In addition, hPar-1b was also phosphorylated on T595 indetected two electrophoretic forms of hPar-1b (lane 4)
that arise by alternative splicing [12, 13], and both pro- MEFs and in MDCK cells (Figure S2). Thus, endogenous
Figure 2. PKC Phosphorylates hPar-1a and hPar-1b on a Conserved Threonine Residue In Vitro
(A) Myr-PKC was incubated with wild-type and mutants forms of GST-hPar-1a and GST-hPar-1b, and kinase assays were performed in vitro.
Reaction products were resolved by SDS-PAGE and immunoblotted with antibodies specific for GST and pThr595.
(B) HeLa cell lysates were incubated with protein A beads only (lanes 1, 3, 5, and 7) or with antibodies specific for either hPar-1a (lanes 2
and 6) or hPar-1b (lanes 4 and 8). Immunoprecipates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies.
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Figure 3. aPKC Phosphorylates and Inhibits Kinase Activity of hPar-1b In Vivo
(A and B) 3T9 cells were mock infected or infected with recombinant adenoviruses encoding -galactosidase, PKC, PKC, or PKC. Lysates
were immunoblotted with the indicated antibodies.
(C) HEK293 cells were transfected with plasmids encoding the indicated proteins. Lysates were prepared, and a portion of each lysate was
resolved by SDS-PAGE to monitor Flag-PKC levels by Western blotting. The remainder of each lysate was incubated with HA-specific
antibody. Immunoprecipitates of HA-hPar-1b were assayed for kinase activity in vitro by using GST-Cdc25C(200-256) as substrate [13] and
were monitored for HA-hPar-1b levels by Western blotting. Radiolabel incorporated into substrate was determined by scintillation counting.
Kinase reactions were normalized for levels of hPar-1b in each immunoprecipitate. Reactions were performed in triplicate and the standard
deviation is shown as error bars along the y axis.
hPar-1a and hPar-1b are phosphorylated on T595 and PKC (lanes 2 and 3) was5-fold lower than that of hPar-
1b isolated from cells not overproducing PKC (laneT564, respectively, in vivo and by aPKC in vitro. Further-
more, phosphorylation of endogenous hPar-1b on T595 1). The kinase activity of hPar-1b(T595A) was modestly
enhanced compared with that of hPar-1b (lane 5) andwas enhanced when either PKC or PKC, but not PKC,
were expressed in vivo (Figures 3A and 3B). Taken to- was not inhibited by overexpression of PKC (lane 6).
Importantly, the kinase activity of hPar-1b was elevatedgether, these results indicate that the mammalian Par-1
kinases are substrates of aPKC in vivo. to the level of hPar-1b(T595A) in cells overexpressing
kinase-inactive PKC, indicating a dominant-negative
effect of mutant PKC (lane 4). Taken together these dataaPKC Regulates Activity and Localization
of hPar-1b suggest that endogenous aPKC regulates the kinase
activity of hPar-1b via a phosphoThr595-dependentNext, the functional consequences of T595 phosphory-
lation were assessed by monitoring hPar-1b kinase ac- mechanism.
In order to determine if phosphorylation of hPar-1btivity and localization. As seen in Figure 3C, the kinase
activity of hPar-1b isolated from cells overproducing by PKC resulted in the regulation of hPar-1b subcellular
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Figure 4. T595 Phosphorylation Negatively Regulates Plasma Membrane Localization of hPar-1b
HeLa cell were transfected with plasmids expressing HA-tagged hPar-1b or HA-tagged Par-1b (T595A) either alone or together with nonmyristoy-
lated or myristolyted PKC. 24 hours later, cells were fixed and proteins were detected by using indirect immunofluorescent staining and
confocal microscopy.
localization, we monitored hPar-1b localization in the hPar-1b(T595A) was blocked (Figure 4J). Taken to-
gether, these results demonstrate that T595 phosphory-absence and the presence of myristoylated and nonmyr-
istolyated forms of aPKC (Figure 4) Both hPar-1b (Fig- lation by PKC regulates the intracellular compartmen-
talization of hPar-1b. Interestingly, a redistribution ofure 4A) and hPar-1b(T595A) (Figure 4H) localized to the
cytoplasm with a significant fraction at or near the myr-PKC was also observed when it was coproduced
with either wild-type hPar-1b (Figure 4F) or with theplasma membrane. Fractionation studies demonstrated
that hPar-1a and -1b are present in the membrane frac- T595A mutant (Figure 4M), and a significant amount of
colocalization between PKC and hPar-1b was ob-tion (P100) but can be eluted with high salt (data not
shown). This indicates that both proteins associate with served in vivo (Figures 4G and 4N).
membrane components possibly through protein-pro-
tein interactions. However, when hPar-1b was coex- Discussion
pressed with aPKC, hPar-1b was translocated away
from the plasma membrane (Figure 4B versus Figure In this study we identified a novel phosphorylation site
that regulates the activity and intracellular compartmen-4A). Strikingly, coproduction of constitutively active
myr-PKC caused a complete translocation of hPar-1b talization of the human Par-1b kinase. We demonstrate
that hPar-1b is phosphorylated on T595 in vivo and thatfrom the plasma membrane to an internal cellular com-
partment (Figure 4C). In sharp contrast, when hPar- in nonpolarized cells, phosphorylation of hPar-1b on
T595 negatively regulates plasma membrane associa-1b(T595A) was coexpressed with nonmyristolyated
PKC (not shown) or with myrPKC, the translocation of tion and kinase activity of hPar-1b. Our findings that
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and PKC were provided by W. Ogawa (Kobe University, Japan) andaPKC associates with hPar-1b in vivo, that ectopic ex-
R. Farese (Unversity of South Florida), respectively. Adenovirusespression of aPKC results in enhanced phosphorylation
encoding PKC were supplied by D. Kufe (Dana Farber Cancerof hPar-1b on T595 in vivo, and that aPKC phosphory-
Institute). Mammalian expression vectors encoding murine PKC
lates hPar-1 on T595 in vitro suggest that hPar-1b is a and myristoylated-Flag-PKC were provided by J. Blenis (Harvard
physiological substrate of aPKC in vivo. Interestingly, Medical School). We thank Lew Cantley for helpful comments on
the other mammalian Par-1 kinases, as well as orthologs the study. This work was supported in part by a scholarship to J.B.H.
from the Lucille P. Markey foundation. H.P.-W. is an Investigator ofin C. elegans and Drosophila, conserve a threonine resi-
the Howard Hughes Medical Institute.due in the equivalent position to T595. In the case of
hPar-1a, we show that T564 is phosphorylated in vivo
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